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Introduction
Alzheimer's disease (AD) is the most common form of dementia and one of the leading causes of death among elderly people. The majority of AD cases are sporadic with yet undefined cause that triggers neurodegeneration, but exhibit similar neuropathological hallmarks as the inherited familial forms of autosomal dominant AD with early-onset (ADAD)amyloid plaques and neurofibrillary tangles (Holtzman et al., 2011) . ADAD arises from mutations in APP (amyloid precursor protein), PSEN1 (presenilin 1) or PSEN2 (presenilin 2) genes. Presenilin 1 and presenilin 2 proteins are the catalytic subunits of the -secretase complex, which together with Nicastrin (Nct), Presenilin enhancer 2 (Pen-2) and anterior pharynx 1 (Aph1) participate in the sequential cleavage of the APP C-terminal fragment  (CTF) releasing amyloid  (A) peptides. ADAD variants appear to modify the processing of A, leading to increased amyloid plaque burden in the brain and endolysosomal abnormalitites mediated by APP CTF (Kwart et al., 2019) . PSEN1 and PSEN2 mutations disrupt -secretase activity by altering complex assembly, endoproteolysis or endopeptidase and/or carboxypeptidase-like activity Veugelen et al., 2016) .
There are more than 300 variants reported in APP, PSEN1 and PSEN2 that were found in ADAD patients (https://www.alzforum.org/mutations). Some of the variants are found in multiple unrelated families or across populations, e.g. APP V717I (Goate et al., 1991) , and dramatically affect -secretase function and A production based on cell culture and mouse model studies, e.g. PSEN1 Ex9, L166P or PSEN2 N141I . However, for newly identified patients with early-onset AD it is often challenging to attribute clinical observations to the presence of a mutation in ADAD genes alone, if the mutation is novel and there is difficulty in obtaining family history and clinical samples for mutation segregation studies. Secondly, it is difficult to estimate the normal variability in these genes and pathologic consequences of mutations in ADAD genes (Guerreiro et al., 2010) . Availability of whole exome/genome sequencing in large numbers of individuals has highlighted the fact that some previously reported pathogenic variants occur in the population at a detectable frequency. This raises the possibility that these variants are not pathogenic, that they exhibit reduced penetrance or that the individuals carrying the variant may develop AD. For these reasons clinical genetic testing companies will describe novel variants in APP, PSEN1 and PSEN2 as variants of unknown significance. One way to facilitate characterization of pathogenicity of a mutation is to study its biological function using cell lines in vitro. Such information can then be used to define the pathological effect of a mutation based on the impact on -secretase function and A production compared to wild type protein. In addition, a comparison of the effect of the mutation with other characterized mutations in the protein sequence (the extent of changes in A production) or in the functional domains in proximity to the mutation (the effect on protein functionality) can better inform the validity of the conclusions based on in vitro data. Still for many ADAD mutations the functional impact on -secretase activity is not clear, while our knowledge of variants of unknown pathogenicity would be greatly improved using such comparisons and could be used to predict pathological outcome for patients. A very important and practical reason for such tests is the availability of clinical trials in the ADAD population. Individuals can only be enrolled in such trials if there is a proven pathogenic variant in their family. However, in practice, many newly identified families carry novel variants of unknown significance. For example there are 480 families reported in the AD&FTD mutation database with a PSEN1 mutation (https://www.molgen.ua.ac.be/ADMutations/) and among these families there are 219 different mutations, thus most families carry unique variants. This represents a significant barrier to recruitment into studies such as the DIAN-TU, and underlines the importance of developing a quick reliable functional screen of novel variants to determine pathogenicity.
Several in vitro methods have been used to test the effect of APP, PSEN1 and PSEN2 mutations on the biological function of -secretase or A production. A MEF PS1/2 double knock-out (dKO) cell line has been established to allow rescue with exogenous human PSEN1 or PSEN2 and to characterize the effect of mutations (Herreman et al., 2000) . This rescue can be achieved with transduction of MEF dKO cells with retrovirus expressing presenilins to establish a stable cell line after puromycin selection. Then adenoviral transduction with APP is performed in order to use the cells for A assay. These manipulations are time-consuming and require expertise using virus, which is not readily available in every laboratory setting. Researchers have also used the neuron-like N2A mouse neuroblastoma cell line, because it is more physiologically relevant to A production in brain than using MEF fibroblasts. N2A cells are useful for characterization of APP mutations after transient transfection with exogenous human APP to test for A production without interference from endogenous processing of mouse APP. However, for functional validation of PSEN1 and PSEN2 mutations, which represent >80% of ADAD mutations, in vitro background processing of APP by endogenous presenilins make it difficult to distinguish the effect of transfected mutant presenilins. In cases when A production and A40/A42 ratio are only slightly modified, it is difficult to make strong conclusions about mutation pathogenicity using N2A wild type cells (Hsu et al., 2018) . In a recent study of 138 PSEN1 mutations researchers generated a single Psen1 knock-out in the N2A mouse neuroblastoma cell line using CRISPR/Cas9 (Sun et al., 2016) . A single guide RNA (gRNA) sequence was used to target exon 7, which produced a frameshift with the insertion of two nucleotides resulting in a truncated protein without the catalytic core. This likely resulted in the full knock-out of presenilin 1, although validation data on mRNA and protein levels were not reported, there was a reduction in A40 production. However, it is unclear if this Psen1 knockout line offers a suitable range to study the difference in A production, and if this line will be useful to validate PSEN2 mutants. Thus there is need for a comprehensive tool to characterize and classify presenilin mutations in vitro.
Here we have generated a double knock-out of presenilin 1 and 2 in N2A mouse neuroblastoma cells that do not produce any detectable levels of A40 and A42. We characterized rescue of the double knock-out with transfection of exogenous wild type PSEN1 or PSEN2 that restored secretase complex assembly and provided complete rescue of A40 and A42 production back to wild type levels. Validation of the effects of PSEN1 Ex9 and L166P mutations on A production in double knock-out cells showed similar effects to those reported before. Several new and previously reported mutations in PSEN1 with uncertain pathogenicity and impact on secretase function were tested and all show changes in levels of A40 and A42 production and increased A42/A40 ratio, also impacting -secretase stability based on changes in Pen-2 expression. In addition, PSEN2 S130L (non-pathogenic) and N141I (pathogenic) mutations show similar effects to those reported before providing validation of the use of Psen1/Psen2 double knock-out cells for pathogenicity characterization of both PSEN1 and PSEN2 variants.
Methods

Reagents and antibodies
Tissue culture reagents were purchased from Thermo Fisher. -secretase inhibitor DAPT was from Selleck Chemicals (S2215). pSpCas9(BB)-2A-GFP (pX458) plasmid was from Addgene (#48138). pcDNA3.1-hAPP695wt, pcDNA3.1-hPS1wt-myc-his (PSEN1), pcDNA3.1-hPS2 (PSEN2), pcDNA3.1-hPS2-S130L, and pcDNA3.1-hPS2-N141I were previously described (Walker et al., 2005; Wang et al., 2004) . Mutations in PSEN1 plasmid cDNA were made with QuikChange II XL Site-Directed Mutagenesis Kit from Agilent Technologies (#200521). Antibodies were from: PS1 NTF (N-19, sc-1245) from Santa Cruz, APP (A8717) and -actin (A5441) from Sigma, PS1 CTF (D39D1, #5643), PS2 CTF (D30G3, #9979), Pen-2 (D6G8, #8598), Nicastrin (D38F9, #5665), A (D54D2, #8243) from Cell Signaling.
Transfection and sample collection
Mouse neuroblastoma N2A wild type cells were cultured in 50% DMEM (Gibco #11965-092), 50% OPTI-MEM (Gibco #11058-021) supplemented with 5% heat-inactivated fetal bovine serum (Gibco #16140-071), and 1:100 Pen/Strep (Gibco #15140-148). One day before transfection cells were seeded in a 24-well plate at 120,000 cells/well. For transient transfection medium was changed to 500 l full growth medium without antibiotic and a mix of 0.5 g pcDNA3.1-hAPP695wt and 0.5 g pcDNA3.1-hPS1 or pcDNA3.1-hPS2 was added together with 1.5 l Lipofectamine 2000 in 100 l of OPTI-MEM, which was pre-incubated for 20 min to form complexes according to manufacturer's recommendations. One day after transfection medium was changed to 250 l of OPTI-MEM and incubated for 20 hours. Inhibitor conditions were pre-incubated with 20 M DAPT for one hour before this medium change and cells were further treated with DAPT in OPTI-MEM for 20 hours. Then medium was collected in PCR strips, centrifuged at 2,000 rpm for 10 min, and transferred to new PCR strips for sample analyses and storage. Cells were collected in Eppendorf tubes with pipetting in PBS and centrifuged at 1,500 rpm for 10 minutes. PBS was discarded and cell pellets were lysed in RIPA buffer supplemented with protease/phosphatase inhibitor cocktail 1:100 (Cell Signaling #5872). Cells were lysed with at least one freeze-thaw cycle and 30 min incubation on ice and lysates were collected after centrifuging at 15,000 g for 30 minutes. Protein concentration was determined using Pierce BCA protein assay kit (Thermo Fisher #23225).
Knock-out clone selection
Single guide RNA (gRNA) sequences targeting mouse Psen1 and Psen2 were designed using the CHOPCHOP tool (https://chopchop.cbu.uib.no/) (Labun et al., 2016) . gRNAs were cloned into PX458 vector according to a published protocol (Ann Ran et al., 2013) . Mouse neuroblastoma N2A wild type cells were transfected with 250 ng gRNA plasmids either alone or a combined pair. Two days later bulk cells were used for validation using a surveyor assay and PCR. Genomic DNA was extracted using the HotSHOT method (Truett et al., 2000) . Cells were lysed in 25 mM NaOH, 0.2 mM EDTA, pH=12 at 98⁰C for 1 hour and then equal volume of neutralization buffer Tris-HCl, pH=5 was added. Genomic DNA content was measured using Nanodrop 8000 (Thermo Scientific). PCR reaction was carried out with 50 ng gDNA using OneTaq DNA Polymerase (NEB) according to manufacturer's instructions. Touch-down PCR protocol was used with 5 min denaturation step at 94⁰C, 10 cycles of denaturing at 94⁰C for 30 sec, annealing starting with 65⁰C that is reduced 1⁰C every cycle for 30 sec and extension at 72⁰C for 1 min, then 35 cycles at 55⁰C annealing temperature, and final extension for 10 min. Next whole reaction volume was used for hybridization reaction according to (Ann Ran et al., 2013) , and further used for T7 Endonuclease I (NEB #M0302S) digestion for 1 hour. Surveyor and PCR reactions were visualized on 1% agarose gel or D1000 screen tape using TapeStation 2200 (Agilent Technologies). After single or dual gRNAs function was validated, N2A cells transfected for Psen1 knock-out were single FACS sorted for GFP + cells in 96-well plates with growth medium supplemented with 10% FBS and allowed to grow in the incubator for 2 weeks. Single clones were split in 24-well plate and cells were collected for PCR screening of genomic DNA designed according to (Bauer et al., 2015) . Clones with at least one allele deletion were further screened with western blotting to find Psen1 knock-out cells. To achieve Psen2 knockout in cells with edited Psen1 locus, single Psen1 knock-out cells were transfected with gRNA for Psen2 and FACS sorted for GFP + cells in bulk in one well of a 24-well plate, allowed to recover for 24 hours and then used for dilution subcloning to select monoclonal cells. Double Psen1 and Psen2 knock-out clones were screened with PCR for allele deletion according to dual gRNA design and confirmed using western blotting for presenilin 2. Primer sequences for gRNA cloning, PCR validation and sequencing are available in Supplementary Table 1 . Calculation of PCR products and fragments expected after surveyor assay and PCR of deletion alleles is provided in Supplementary Tables 2 and 3 
Sequencing
Modifications in plasmid vectors were confirmed by sequencing using plasmid DNA. Genomic editing with CRISPR/Cas9 in selected monoclonal lines was confirmed with sequencing of plasmid vectors with PCR products cloned in with TOPO TA Cloning Kit (Thermo Fisher #K459501) for PS1KO clones with single allele deletion and sequencing of the PCR products for deletion of both alleles in PS1/2KO clones. Sequencing was performed using BigDye Terminator v3.1 Cycle Sequencing and the ABI Prism 3100 Genetic Analyzer (Applied Biosystems). Data were analyzed with Chromas (Technelysium) and aligned using CLC Sequence Viewer (QIAgen Bioinformatics).
Quantitative PCR
Bulk N2A cells collected after splitting the cells were used for RNA extraction using QIAgen RNeasy mini kit according to manufacturer's instructions including the DNase I treatment step with RNase-DNase set (QIAgen). RNA quantity was measured using Nanodrop 8000 (Thermo Scientific) and reverse transcription reaction was performed with 1 g of RNA using High-Capacity RNA-to-cDNA kit (Thermo Fisher). 10 ng cDNA was used in the 10 l reaction for all genes that was run using QuantStudio 7 Flex Real-Time PCR System (Thermo Fisher Scientific) using Power SYBR Green Master Mix (Applied Biosystems) with one-step PCR protocol. Primers were from PrimerBank (Wang and Seed, 2003) or designed using Primer-BLAST program (NCBI) and are listed in Supplementary Table 4 . Ct values were averaged from two technical replicates for each gene, Gapdh Ct values were used for normalization. Gene expression levels were quantified using the 2 -ddCt method and related to wild type control.
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Journal Pre-proof ELISA Conditioned medium from N2A cells was either used fresh or after one time freezing cycle to measure A40 and A42 content using the Amyloid beta 40 Human ELISA kit (KHB3482) or Amyloid beta 42 Human ELISA kit (KHB3442) from Thermo Fisher according to manufacturer's instructions. Standard dilution curve was prepared using 3 fold dilutions from 3,000 pg/ml to 3 pg/ml in standard buffer. Samples were diluted in standard buffer 15 -20 times for A40 and 2 -5 times for A42 and incubated with the antigen and primary antibody overnight at +4⁰C. Secondary antibody incubation was for 1 hour at RT followed by TMB incubation for 15 min. Absorbance values were fitted to nonlinear fit curve with variable slope and unknown values were interpolated multiplied by the dilution factor and then normalized to protein content of each sample measured by BCA. A40 and A42 content is presented as pg/ug that was used for ratio A42/A40 quantification.
Western Blotting
Cell lysates of transfected N2A cells were used for western blotting to match with A40 and A42 measurement by ELISA. For analyses of -secretase complex subunits and APP fragments, equal protein quantities according to BCA protein concentration were used to prepare samples for western blotting. For quantification of total A in conditioned medium samples that were first analyzed for A40 and A42 content by ELISA, medium volumes normalized to BCA protein content was precipitated with 6 volumes of cold acetone overnight at -20⁰C. Samples were centrifuged at 15,000 g for 30 minutes and acetone was discarded without disturbing the pellet. Samples were air-dried in the chemical hood and protein pellets were dissolved in 1x gel loading buffer for western blotting analyses. Samples were resolved by electrophoresis in Bolt 4-12% Bis-Tris Plus Gels in Bolt MES SDS running buffer and transferred using iBlot 2 nitrocellulose transfer stacks (Life Technologies). Membranes were blocked and probed with antibodies in 3% non-fat dry milk in PBS / 0.1% Tween-20 buffer overnight at +4⁰C. Secondary antibody staining was performed for 1 hour at RT and visualized with WesternBright ECL HRP Substrate Kit (Advansta K-12045) and UVP ChemiDoc-It T S2 Imager (UVP). Images were quantified using ImageJ (NIH).
Statistics
Data were visualized in GraphPad Prism 8 (GraphPad Software). In each analyses three to five independent experiments were performed without randomization of sample processing, n = 3 -5 biological replicates. The researcher was not blinded to sample collection. Differences between multiple means of data were analyzed with Brown-Forsythe and Welch ANOVA and Dunnett's post-hoc test with unequal variance for ELISA samples and ordinary one-way ANOVA with Dunnett's post-hoc test for WB samples comparing the mean of each column with the mean of a control column. * P < 0.05, ** P < 0.01, *** P < 0.001. All data are represented as mean ± standard deviation (SD).
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Results
Generation of single Psen1 knock-out cells
We used CRISPR/Cas9 genome editing to obtain Psen1 and Psen2 knock-out in mouse neuroblastoma N2A cells. We used a similar strategy for the design of the gRNA as previously used in mice to delete the exon containing either the start codon or the presenilin catalytic core (Herreman et al., 2000; Shen et al., 1997) . According to our design for Psen1 knock-out we selected a pair of gRNAs that target intronic regions in close proximity to Psen1 exon 3, which contains the start ATG codon, in order to delete the whole exon (Figure 1A) . For screening purposes we designed a PCR that covered the whole region of deletion in order to select clones based on the genomic DNA analyses ( Supplementary Table 1 ). First, we confirmed that single gRNAs were functional in N2A wild type cells using a surveyor assay that showed cleavage fragments of the full length PCR product according to the expected sizes (Figure 1B , Supplementary Table 2 ). Next, we tested whether gRNAs can act in tandem to delete the targeted genomic region. Analyses of PCR fragments of genomic DNA showed that a deletion occurred in N2A cells transfected with both gRNAs, which results in the appearance of a shorter PCR fragment of the predicted size (Figure 1C, Supplementary Table 3 ). Seventy five of 480 single clones survived and were screened for the shift in PCR band length in their genomic DNA. Forty five clones showed deletion of one allele, while the second allele seemed to be unaffected. There were no clones with deletion of both alleles (data not shown). Since it was not clear from the PCR screening if the second allele was wild type (untargeted) or affected by a different type of editing after Cas9 cut (targeted successfully), we tested all 45 clones with the deletion of one Psen1 allele using western blotting to select clones where the second allele, although present in the genome, was disrupted to cause Psen1 knock-out (data not shown). Two clones, 8 and 35 showed no presenilin 1 antibody staining in western blotting compared to wild type clones 2 and 4 selected using the same strategy (Figure 3C) . Sequencing of clone 8 showed that one allele contained a deletion of 269 bp, while the other allele contained an inversion of the same 269 bp fragment (Figure 1D) . This modification of the Psen1 locus resulted in ~70% decrease in Psen1 mRNA (Figure 3B ) and knock-out of presenilin 1 protein expression in both selected clones (Figure 3C ). There was a slight reduction in Nicastrin glycosylation and Pen-2 expression compared to wild type cells (Figure 3C ). Next we tested whether Psen1 knock-out affected -secretase function by looking at A production and performing rescue with transfection of exogenous wild type PSEN1. Neither of the two clones showed disruption in A production compared to wild type clones 2 and 4 (Figures 3C and 3E) . Although A40, A42 and total A levels were highly variable among clones 8 and 35 (Figures 3E-G) , overall genomic knock-out of Psen1 did not affect A production. This may be due to the fact that there was a clear increase in presenilin 2 protein expression ( Figure 3D) , which was supported by an increase in Psen2 mRNA expression compared to wild type clones 2 and 4 ( Figure 3B) . Expression of other subunits of -secretase complex, Bace1, Adam10, and App was also increased in the N2A-PS1KO lines (Figure 3B) , possibly contributing to the observed sustained A production ( Figure 3E) . Since, there was no change in total A production after endogenous presenilin 1 knock-out, transfection of wild type PSEN1 cDNA did not affect A secretion either, which rendered the single Psen1 knock-out line unsuitable for evaluation of the effects of PSEN1 mutations on A production. 
Generation of double Psen1 and Psen2 knock-out cells
To create a cell line useful for validation of pathogenicity of PSEN1 and PSEN2 mutations we knocked out Psen2 using the N2A-PS1KO-8 cells as a parental line where we observed less compensatory changes in mRNA expression of App and -secretase subunits compared to clone 35. For Psen2 knock-out we directly targeted the start codon and the exon-intron junction of exon 2 with gRNAs to disrupt translation of the first Psen2 coding exon with either biallelic deletion of 141 bp or another type of editing (Figure 2A) . We verified that each single gRNA was efficient in targeting the genomic DNA using the surveyor assay (Figure 2B) , and the use of a pair of gRNAs resulted in a deletion as predicted from the design allowing for PCR screening of clones (Figure 2B) . Ninety seven of 158 clones showed single allele deletion suggesting heterozygous editing, 16 clones did not show presence of the allele with full genomic sequence suggesting editing of both alleles. These 113 clones were further tested by western blotting for presenilin 2 protein expression. None of the heterozygous edited clones showed full presenilin 2 protein knock-out, suggesting the second allele was unaltered or the editing did not interfere with mRNA translation to disrupt protein expression. Five of 16 clones with putative homozygous deletion showed a knock-out of presenilin 2 protein expression as tested by western blotting (data not shown). N2A-PS1/2KO-8/71 clone with homozygous deletion (Figure 2C) and presenilin 2 protein knock-out (Figure 3C) was selected for further validation. Sequencing of the J o u r n a l P r e -p r o o f genomic DNA locus confirmed deletion of 135 bp on one allele and a 143 bp deletion on the second allele, both starting at the same position at the 5' end and ending with either full deletion of the rest of the exon or one bp left over from the exon (Figure 2D) . Interestingly, the start codon has been preserved after Cas9-targeted editing, which led to ~70% decrease in Psen2 mRNA level (Figure 3B) . Overall, our approach to CRISPR/Cas9 for targeting Psen1 and Psen2 yielded several double knock-out clones for further evaluation. 
Functional validation and rescue of Psen1/Psen2 double knock-out cells
The selected N2A-PS1/2KO-8/71 clone was validated in functional assays to assess the effect of Psen1/Psen2 double knock-out on -secretase activity and APP processing (genomic editing is schematically presented in Figure 3A ). Psen1 and Psen2 both showed mRNA expression levels that were ~30% of those seen in control cell lines N2A-WT-2 and -4 ( Figure 3B) . Ncstn (Nicastrin) mRNA was slightly reduced, while Psenen (Pen-2) mRNA was increased in the double knock-out cells. Overall, mRNA expression of APP as well as and -secretases was normalized to wild-type levels compared to the single N2A-PS1KO-8 parental line (Figure 3B) . Protein expression of presenilin 1 and 2 was abolished in the double knock-out cells affecting secretase complex assembly -Pen-2 expression levels were reduced, while Nicastrin glycosylation was abrogated (Figure 3C) . In fact, A production was completely inhibited after transfection of wild type human APP cDNA into double knock-out cells as measured by ELISA J o u r n a l P r e -p r o o f for A40 and A42 and by western blotting for APP CTFs and total A compared to N2A-WT-2 and -4 (Figures 3C and 3F) . This phenotype was rescued by overexpression of exogenous wild type PSEN1 showing expression of full length presenilin 1 in western blot, as well as PS1-NTF and PS1-CTF, the latter running higher than the endogenous fragment because of the myc-his tag. This rescued -secretase complex assembly is illustrated by partial restoration of Pen-2 expression and Nicastrin glycosylation (Figure 3C) . On the other hand A production was restored to wild type levels in line 2, with a slight decrease in A42/A40 ratio (Figures 3C, 3F  and 3H) . The rescue was fully attributable to exogenous PSEN1 overexpression restoring endogenous -secretase function as treatment with a -secretase inhibitor DAPT abolished A production, but not the protein complex assembly (Figures 3C, 3F and 3H) . Rescue of double Psen1/Psen2 knock-out cells with exogenous wild type PSEN2 overexpression restored Pen-2 expression and Nicastrin glycosylation levels (Figure 4A) , which recovered -secretase stability and A40, A42, total A levels, and A42/A40 ratio similar to wild type PSEN1 overexpression (Figures 4B-C) . In conclusion, the N2A-PS1/2KO-8/71 line shows knock-out of -secretase processing of APP and can be used to assess the functionality of transfected PSEN1 and PSEN2. (A) Analysis of -secretase subunits and APP processing by western blotting in wild type (2) and double knock-out (8/71) cells rescued with wild type human presenilin 2 (PS2-WT). Quantification of western blotting data is in Supplementary Figure S1B. (B) Quantification of A40, A42, A42/A40 ratio by ELISA, and (C) total A by western blotting based on (A) versus N2A-WT-2 cells. Values shown are mean ± SD of n = 3 independent experiments with one (C) or two (B) technical replicates each. ** P < 0.01, *** P < 0.001, one-way ANOVA with Dunnett's post-hoc test against the control condition (2).
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Effect of PSEN1 mutations on A production in double Psen1/Psen2 knock-out cells
To test whether the N2A-PS1/2KO-8/71 line can be used for functional validation of pathogenicity of PSEN1 and PSEN2 mutations we tested several known pathogenic variants as well as novel variants of unknown significance. We used PSEN1 Ex9 and PSEN1 L166P mutations as positive controls as these mutations have previously been described for their detrimental effects on -secretase activity and APP processing leading to ADAD . Our group has previously identified a novel mutation, PSEN1 p.Val142Phe (V142F), in an Iranian family with a history of AD, that was likely to be the cause of disease in this family (Wang et al., 2018) . In another Iranian family with a history of AD we observed the PSEN1 p.Gly206Asp (G206D) mutation, which has also been detected in French and Taiwanese families (Raux et al., 2005; Wu et al., 2011) . Although there are reports evaluating the effect of G206D mutation on PSEN1 function and A production (Chen et al., 2015) , there are also other mutations at this position -G206V, G206S and G206A described in association with ADAD (Athan et al., 2001; Goldman et al., 2002; Park et al., 2008) . We examined these mutations for their effect on -secretase function using western blotting and ELISA. As previously observed the PSEN1 Ex9 mutation led to a failure in endoproteolytic processing of presenilin 1, which inhibited APP processing resulting in increased A42/A40 ratio (Figure 5A) , which was likely due to lower A40 and higher A42 production ( Figure  5B) . The other positive control PSEN1 L166P mutant also behaved as expected, showing a substantial reduction in A40, A42 and total A levels and an increase in A42/A40 ratio (Figures 5A-C) . The PSEN1 V142F mutant did not affect -secretase complex assembly, A40 or total A levels, but did show an increase in A42/A40 ratio because of increased A42 production, supporting the pathogenicity of this mutation. All PSEN1 G206 variants are associated with elevated A42/A40 ratios (Figure 5B ) consistent with them being pathogenic variants. In contrast to the other G206 variants PSEN1 G206D is associated with reduced A40 and A42, a decrease in total A a reduction in Pen-2 expression and a slightly reduced expression of exogenously transfected PSEN1 G206D mutant, which is similar to the PSEN1 L166P mutant (Figures 5A-C and Supplementary Figure S2A) . The most severe impact on secretase activity can be seen by analyzing total A and Pen-2 levels, the latter suggesting a defect in complex assembly or stability. Figure S2A. (B) Changes in A40, A42, and A42/A40 ratio caused by mutations in PSEN1 compared to wild type PSEN1 measured by ELISA. (C) Quantification of total A (C) based on (A). Values shown are mean ± SD of n = 3 independent experiments with one (C) or two (B) technical replicates each. * P < 0.05, ** P < 0.01, *** P < 0.001, one-way ANOVA with Dunnett's post-hoc test against control condition (8/71 + PS1-WT).
Effect of PSEN2 mutations on A production in double Psen1/Psen2 knock-out cells
We next used the Psen1/Psen2 double knock-out line to validate the effects of PSEN2 S130L and N141I mutants on APP processing that could be compared with previously published characterization of these mutants (Walker et al., 2005) . PSEN2 S130L and N141I mutants both restored -secretase complex assembly by reconstituting Pen-2 expression and Nicastrin glycosylation (Figure 6A) . However, the PSEN2 S130L mutation did not affect A40 or A42 J o u r n a l P r e -p r o o f levels and did not modify A42/A40 ratio or total A production (Figures 6B-C) . The Volga German PSEN2 N141I mutation led to a decrease in A40 and an increase in A42 levels (Figure 6B) , which resulted in an increased A42/A40 ratio, while total A production appeared to be reduced (Figures 6A and 6C) . These results illustrate that N2A-PS1/2KO-8/71 cells can be used to validate pathogenicity of PSEN1 and PSEN2 mutations. Figure S2B. (B, C) Changes in A40, A42, A42/A40 ratio, and total A introduced by mutations in PSEN2 compared to wild type PSEN2 measured by ELISA (B) and western blotting (C) based on (A). Values shown are mean ± SD of n = 3 independent experiments with one (C) or two (B) technical replicates each. * P < 0.05, ** P < 0.001, *** P < 0.001, one-way ANOVA with Dunnett's post-hoc test against control condition (8/71 + PS2-WT).
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Discussion
High-throughput sequencing of large populations has identified novel variants in ADAD genes that have incomplete patient clinical data and history thus lacking information on pathogenicity in order to predict the prognosis. For newly diagnosed patients with ADAD that have less well described variants in APP, PSEN1 and PSEN2 genes, the lack of pathogenicity evaluation hampers access to experimental treatments available through participation in clinical trials. Thus there is need for consistent, reliable and widely available tools for definitive classification of pathogenicity of ADAD genes that so far has been challenging using the current methods because of the lack of utility and specificity. We have generated a novel double Psen1/Psen2 knock-out N2A cell line (N2A-PS1/2KO-8/71) specifically to study the effect of exogenous presenilin mutants without interference from endogenous -secretase activity. We have also validated PSEN1 mutations that were previously described as variants of unknown pathogenicity (V142F and G206V), because they have not been assessed for their effect on -secretase function. All tested PSEN1 mutations increased A42/A40 ratio due to changes in A40, A42, and/or total A production. We further confirmed that PSEN2 N141I alters A42/A40 ratio, but PSEN2 S130L has normal -secretase activity and did not alter A levels. This cell line proved to be useful for validation of both PSEN1 and PSEN2 variants found in ADAD patients offering several advantages over existing approaches for defining pathogenicity of ADAD variants.
There are several limitations of existing approaches to assess the effect of PSEN1 and PSEN2 mutations on -secretase function and A productionuse of viral transduction in MEF PS1/2 dKO cells is time-consuming and requires expertise (Le Guennec et al., 2017) , or background A production from endogenous mouse presenilins in wild type N2A (Hsu et al., 2018) , SH-SY5Y (Chen et al., 2015) and HEK293T (Chen et al., 2002) cells, or single presenilin 1 knockout cells (Sun et al., 2016) . Thus we decided to use CRISPR/Cas9 to produce a full knock-out of Psen1 and Psen2 in N2A cells that could be used with transient lipofectamine transfection to quickly obtain data after receiving information about a newly discovered variant in presenilins. Dual gRNA design targeting of a genomic locus has been successfully used to create genomic deletions with 1-10% efficiency (He et al., 2015) . Although we did not achieve biallelic deletion with our design for Psen1 knock-out, two clones showed complete loss of presenilin 1 protein expression (Figure 3) . N2A-PS1KO-8 and N2A-PS1KO-35 clones carried one deletion allele, while the other allele had an inversion of the same fragment intended for deletion producing a full knock-out. Unexpectedly, presenilin 2 expression was increased in Psen1 knock-out cells at both mRNA and protein levels (Figures 3B and 3D) leaving total A production unaffected. Similar increases in presenilin 2 expression were observed in total brain extracts of conditional neuronal PS1 -/mice (Dewachter et al., 2002) , blastocyst-derived cells and membranes of PS1 -/mice (Lai et al., 2003) , and in the cerebral cortex extracts of conditional neuronal PS1 -/mice (Watanabe et al., 2014) . Despite the presence or absence of a compensatory increase in PS2 expression after PS1 knock-out, A40 and A42 production in single PS1 knock-out mice or human induced pluripotent stem cells-derived neurons is consistently reduced (Arber et al., 2019; De Strooper et al., 1998) . As the immortalized lines N2A in this study and HEK293T (Lessard et al., 2019) show sustained A production, this discrepancy suggests there may be differences in the precise nature of the active -secretase components, including modulators across species and cell types leading to differences in substrate accessibility in vitro and in vivo. To circumvent this obstacle we generated the Psen1/Psen2 double knock-out N2A cells, which resulted in a complete loss of A production (Figures 3F and 3H) . We observed a reduction in mature J o u r n a l P r e -p r o o f glycosylated Nicastrin and Pen-2 expression after single Psen1 and double Psen1/Psen2 knockout in N2A cells (Figure 3C) , which is similar to the observations previously made in MEF PS1/2 dKO cells (Herreman et al., 2003; Steiner et al., 2002) . Deficiency in Nicastrin glycosylation and Pen-2 expression was rescued with overexpression of exogenous wild type PSEN1 or PSEN2, while A production was restored to wild type levels showing that the range of disruption of Aproduction will be suitable to study the effect of presenilin mutants (Figures  3 and 4) . Thus, our newly generated N2A-PS1/2KO-8/71 cells reproduce all observations made in double knock-out mice and provide a useful model for validation of pathogenicity of PSEN variants of unknown significance.
We examined several PSEN1 and PSEN2 variants for their effect on -secretase complex formation and A production. As positive controls for the validation of the N2A-PS1/2KO-8/71 double knock-out cells we used PSEN1 Ex9 and L166P mutants and report consistent data to previous reports confirming their pathogenicity (Sun et al., 2016; Woodruff et al., 2013) . Our cell line revealed differences between a series of four variants at G206 in PSEN1 that have not been observed before. PSEN1 G206D was the only mutation at this position that decreased Pen-2 expression ( Figure 5) . Indeed, in HEK293T cells co-transfected with presenilin 1 and Pen-2, the G206D mutant showed a decrease in association with Pen-2 compared to wild type presenilin 1 (Chen et al., 2015) . In the N2A-PS1/2KO-8/71 double knock-out line this deficiency led to a substantial decrease in A40 and total A production and a slight reduction in A42. While changes in A40, A42 and/or A42/A40 ratio are useful in defining pathogenicity of presenilin mutations, additional defects in -secretase complex assembly or maturation and stability based on changes in Pen-2 expression or Nicastrin glycosylation, or processing of APP CTFs into longer A fragments can provide additional evidence of pathogenicity for PSEN variants of unknown significance. For example, qualitative shifts in A profile production resulting from reduced carboxypeptidase-like efficiency of -secretase is another measure consistently impaired in brain tissue from ADAD mutant carriers (Szaruga et al., 2015) , which is easily tested in our cell system by examining A38/A42 and A40/A43 ratios. PSEN1 V142F and G206V mutations have not been validated in vitro before. Both mutants showed a similar effect on -secretase processing of APP CTF to PSEN1 G206S and G206Aincreased A42 leading to increased A42/A40 ratio observed for all four AD-derived mutations at this position. Our data for PSEN1 G206S and G206A mutations are different from the observations made in single Psen1 knock-out N2A cells where A40 and A42 production was reduced (Sun et al., 2016) . However, the A42/A40 ratio increase is consistent for all mutations tested in both studies -PSEN1 Ex9, L166P, G206S and G206A, which highlights the importance of dissecting the effect of PSEN variants on the production of different A peptides in the absence of interference from the endogenous -secretase.
The advantage of the neuron-like N2A-PS1/2KO-8/71 double knock-out cell line is its use for validation of both PSEN1 and PSEN2 mutations in a cell type relevant context. We validated the effect of PSEN2 S130L and N141I mutations on A production (Figure 6) . There was no change in A40, A42 or A42/A40 ratio for PSEN2 S130L, which appears to be a benign polymorphism (Walker et al., 2005) . This is supported by the observation of 187/282482 alleles for this variant in the GNOMAD database of human genome sequences (https://gnomad.broadinstitute.org/). In contrast, PSEN2 N141I was associated with reduced J o u r n a l P r e -p r o o f -Secretase has more than 50 substrates described in brain and other organs and presenilin function is essential for normal brain development and maintenance (Shen et al., 1997; Yu et al., 2001) . N2A-PS1/2KO-8/71 double knock-out cells will be useful to test the -secretase cleavage of ADAD variants in APP and other human proteins that are less well described substrates essential for brain function, which is advantageous over using human knock-out cells such as HEK293T (Lessard et al., 2019) . In addition, these cells can be utilized for further biochemical and structural studies of -secretase function to test engineered mutants disrupting protein domain function or protein-protein interactions not necessarily related to disease. Although N2A-PS1/2KO-8/71 cells are easier to use than MEF PS1/2 dKO cells for validation of pathogenicity for unknown PSEN1 and PSEN2 variants, both lines are murine and thus human presenilins form complexes with mouse Nicastrin, Pen-2 and Aph1 proteins to generate active -secretase complexes. This limitation can be overcome by using the in vitro reconstitution assay where all four subunits are assembled from recombinantly produced human proteins and used in the reaction with human protein substrate . However, the reconstitution assay is costly, requires expertise and is limited to testing the direct interaction of proteins in an artificial environment. As the micellar-based reconstitution assay has shown similar results to cell-based assays (Sun et al., 2016) , the use of N2A cells will be most relevant for quick and reliable pathogenicity validation of ADAD variants. Of note, further validation of the mutant effect on cellular functions and metabolism relevant to AD can be addressed using human induced pluripotent stem cells that not only offer an insight into disease mechanisms under physiological conditions, but also a variety of tools for studying the normal function, pathology and modeling AD in vitro, despite the challenges with maturation and variability of the cultures (Arber et al., 2017) .
Here we tested PSEN1 and PSEN2 variants using the novel Psen1/Psen2 double knock-out cell line (N2A-PS1/2KO-8/71). This approach is a significant advance in our efforts to interrogate PSEN variants of unknown significance, identified in individuals with a family history of AD. For patients with novel variants this information is necessary to be enrolled in ADAD clinical trials. ADAD patient cohorts are sought after as they represent a more homogeneous form of the disease with a known disease mechanism and biomarkers compared to sporadic AD patients. Secondly, since the cognitive decline results from dysregulation in APP processing due to genetic mutations, ADAD patients represent the most relevant cohort of patients to test AD therapeutics aiming to modify regulation of APP processing. Examples include the clinical trial of the anti-A monoclonal antibodies solanezumab and gantenerumab by Eli Lilly & Co. and Hoffmann-La Roche companies in collaboration with Dominantly Inherited Alzheimer's Network (DIAN) (NCT01760005) (Panza et al., 2018) or the anti-A antibody crenezumab by Genentech company in carriers of PSEN1 E280A mutation in collaboration with Banner Alzheimer's Institute (NCT01998841) (Tariot et al., 2018) . ADAD patient participation in such initiatives is valuable to facilitate clinical testing of new therapeutics and has high potential to improve their care and disease outcome, but is crucially dependent on validation of pathogenicity of variants of unknown significance that can be tested using the Psen1/Psen2 double knock-out cells we have created. The newly generated N2A-PS1/2KO-8/71 double knock-out cells will become a useful tool in the field of AD and -secretase studies. 
